SUMMARY * Much research has shown that a carefully designed auto rate medium access control can utilize the underlying physical multi-rate capability to exploit the time-variation of channel. In this paper, we develop a simple analytical model to investigate the rule maximizing the throughput of RTS/CTS based multi-rate wireless local area networks. Based on the obtained rule, we propose two distributed fair auto rate medium access control schemes called FARM and FARM+ from the viewpoint of throughput fairness and time-share fairness, respectively. With the proposed schemes, after receiving a RTS frame, the receiver selectively returns the CTS frame to inform the transmitter the maximum feasible rate probed by the signal-to-noise ratio of the received RTS frame. The key feature of the proposed schemes is that they are capable of maintaining throughput/timeshare fairness in asymmetric situation where the distribution of SNR varies with stations. Extensive simulation results show that the proposed schemes outperform the existing throughput/timeshare fair auto rate schemes in time-varying channel conditions.
Introduction
Multi-rate wireless networks have a potential capability to exploit the time-variation of the wireless channel strengths caused by the effect of multipath fading as well as larger scale effects such as path loss and shadowing. Therefore, it can benefit from carefully designed auto rate protocols.
Recently, the research on the auto rate scheme over multi-rate Wireless Local Area Networks (WLANs) has been attracting much more attentions. The Auto Rate Fallback (ARF) [1] was the first commercial rate adaptive protocol, with which stations attempt to increase transmission rate after consecutive successful transmissions and reduce it if a collision occurs. In [2] , the authors proposed a Receiver Based Auto Rate (RBAR) protocol, with which the receiver measures the SNR of request-to-send (RTS) frames and then informs the transmitter the maximum feasible rate by clear-to-send (CTS) frames. Since the RTS frames from different stations access the channel with the same probability, the stations with bad channels can transmit data frames with the same probability as those with good channels.
Moreover, only a single data frame is granted to send each time, and thus the RBAR can maintain throughput fairness [9] . More research for throughput fairness can be found in [3] - [7] . However, the RBAR cannot efficiently exploit the duration of high-quality channel condition. For this issue, [10] presented an Opportunistic Auto Rate (OAR) protocol, which grants to send multiple back-to-back frames in proportion to the ratio of the achievable rate over the base rate. Accordingly, time-share fairness instead of throughput fairness is promised in OAR. More research for time-share fairness can be found in [4] [6] [7] .
Although both RBAR and OAR can work well in time-varying channels, they cannot positively utilize the time-variation of channels. For this issue, [8] proposed an "opportunistic" downlink scheduling, which preferentially grants the stations with good channel gain to transmit. However, a centralized control is required to get the fading level of each station. To eliminate the dependence on the centralized control, [9] proposed a channel-aware ALOHA protocol, where the transmitter with the best channel gain is always chosen by a distributed splitting algorithm to transmit. With the proposed protocol, it is shown that the overall throughput tends to increase with the number of stations, because the more users that are present, the more likely it is that one user has a very good channel at any time. However, the whole protocol extensively depends on a assumption that every station must know the channel gain distributions of all stations, which is generally expensive for decentralized wireless network and even the uplink of centralized network. Furthermore, if the distribution of time-varying channel gain varies with stations, the stations with low average channel will be starved. To improve fairness, [11] proposed a fair Medium Access Diversity (MAD) scheme, which leverages the benefits of rate adaption schemes by aggressively exploiting multiuser diversity in asymmetric channel conditions. Unfortunately, this scheme is valid only in the scenario that all channels are Rayleigh fading and each sender has multiple candidate receivers simultaneously. In particular, MAD degrades to RBAR if each sender always has only one candidate receiver, which is common in practical WLANs. In addition, for both schemes proposed in [9] [11], many modifications should be made to current IEEE 802.11 protocol when applying them in multi-rate WLANs.
The purpose of this paper is to develop two distributed fair auto rate medium access control schemes called FARM and FARM+ for multi-rate WLANs, which can improve the overall throughput and maintain throughput/time-share fairness in asymmetric timevarying channels. In IEEE 802.11 protocol, after receiving a RTS frame, the receiver returns the CTS frame after a short interframe space (SIFS) regardless of the channel condition and the network status. In [12] , we have proved that the throughput can be improved by making the receiver return the CTS frame only when the SNR of the RTS frame exceeds a threshold. In that paper, it is assumed that each station knows the distributions of all stations. In this paper, we alleviate this restriction and improve the throughput just by tuning the threshold to the network status in distributed mode. Herein, the network status refers to the overall throughput of the network and the probability that receivers return the CTS frames after receiving RTS frames. Apparently, in a scenario that all stations are within the radio range of each other, the network status can be obtained directly by all receivers with carrier sensing. For completeness, we discuss as well the implementation in large-scale wireless ad hoc networks.
To quantify the maximal throughput of multi-rate WLANs, we employ an analytical model based on the p-persistent IEEE 802.11 protocol, which was proposed in [14] . Instead of the binary exponential backoff mechanism defined in the standard [15] , the backoff interval of the p-persistent protocol is sampled from a geometric distribution with parameter p. In [13] [14] , the authors proved that the p-persistent closely approximates the standard protocol with the same average backoff window size. Therefore, it is reasonable to infer the behavior of the standard protocol from the analytical results based on the p-persistent protocol.
The rest of this paper is organized as follows. In Section 2, we develop an analytical model to investigate the rule maximizing the throughput. Then, the throughput/time-share fairness scheme are proposed in Section 3. Simulations are given for performance evaluation in Section 4. Finally, the conclusions are drawn in Section 5.
Before delving into the details of our work, we firstly illuminate some notations used in this paper. Successf ul transmission refers to the event that the receiver receives a RTS frame successfully and then returns the CTS frame, which implies the impending data frame will be transmitted successfully. The physical collision refers to more than two stations send RTS frames simultaneously. While the virtual collision refers to the event that the receiver receives a RTS frame but rejects to return the CTS frame.
Maximizing Overall Throughput of RTS/CTS
Based Multi-rate WLANs
In this section, we discuss the properties of both radio communication and RTS/CTS based IEEE 802.11 protocol, and then point out the rule maximizing the throughput of multi-rate WLANs in time-varying channels.
Communication model
We consider single cell RTS/CTS based IEEE 802.11 WLAN with N stations. Each station is always backlogged, which implies that each station always has packets available for transmission. All stations are within radio range of each other, and thus each station can sense all packets transmitted in the network. Each station randomly select a station as its receiver, and the channel between each station and the receiver is modelled as a time-varying, memoryless, and blockfading channel. The time-varying Signal-to-Noise Ratio (SNR), γ i , between station i and its receiver lies in 0 < γ i < ∞, and its probability density function of γ i is f i (γ i ). Clearly, it is feasible for the receiver obtains f i (γ i ) by statistical measurements to the SNR of the received RTS frame. To enhance the reliability of control information, all control information like RTS, CTS, and ACK frames are transmitted at a low base rate denoted by R c , which is assumed to be error free in any channel conditions. The upper part of Fig.1 shows a typical transmission process in the RTS/CTS based network. As shown in the figure, the exchange of RTS and CTS frames is prior to the actual data frame. From the standards, both RTS and CTS frames contain a Duration/ID field that defines the period of time that the medium is to be reserved to transmit the actual data frame and the returning ACK frame. After hearing RTS and CTS frames, other stations shall learn of the medium reservation and impend their backoff counters. If a RTS frame is collided, all stations restart their backoff counters after a DIFS period.
For auto rate schemes, the RTS frame play a new role that detecting channel conditions. Correspondingly, the CTS frame is endued with an additional functionality informing transmitters the feasible rate for the upcoming data frame, and is returned upon receiving the RTS frame regardless of the channel conditions. Alternatively, we make the receiver return the CTS frame only when the SNR of the RTS frame exceeds a threshold, which depends on the current network status. If the receiver decides not to return the CTS frame, other stations heard the corresponding RTS frame can detect a virtual collision because there are no frames transmitted after a RTS frame. In contrast, if the receiver returns the CTS frame, other stations will suspend their Fig. 1 The sketch map for the proof of Proposition 1 backoff counters until the transmitter finishes the data transmission.
Maximizing Overall Throughput
From the upper part of Fig.1 , the time interval between the epoch that the receiver receives the RTS frame from station i and the epoch that station i completes its data transmission is given by
where H is the length of MAC frame header, L cts and L ack are respectively the sizes of a CTS frame and a ACK frame, t phy is the transmission time for a physical overhead, and t sif s and t dif s are a SIFS period and a DIFS period, respectively. As mentioned above, the receiver returns the CTS frame only when γ i exceeds a threshold denoted by Γ i . Clearly, if the receiver returns the CTS frame, the time interval T ( γ i ) will be occupied exclusively by station i. Then, the local throughput in this time interval is L T ( γi) . Herein, the throughput is defined as the payload information transmitted in a unit time. In contrast, if the receiver rejects to return the CTS frame, this time interval will be shared by all stations for new contention. Then, the potential throughput in this time interval should be the throughput averaged in a long time interval. In this way, the choice of Γ i directly influence the overall throughput.
The following proposition states the rule for choosing Γ i to maximize the overall throughput.
Proposition 1 In the p-persistent IEEE 802.11 protocol † based multi-rate WLANs with N transmitters, if the date rate increases with the SNR, the overall † In [13] [14] , the authors demonstrated that the ppersistent closely approximates the standard protocol with the same average backoff window size. Therefore, it is reasonable to infer the behavior of the standard protocol from the analytical results based on the p-persistent protocol.
throughput S reaches to the maximum if and only if both
hold.
Proof: Reduction to absurdity is employed. Firstly, it is assumed that the maximum throughput is S m , and condition 1 does not hold when the throughput reaches to S m . Without loss of generality, it is assumed that Γ 1 ≤ Γ 2 ≤ ... ≤ Γ N , and then there exists at least one '≤' that can be replaced by '<'. Therefore, we have Γ 1 < Γ N . Since T (γ i ) is a monotonically decreasing function with respect to γ i , we have
Then, at least one of the two inequalities below hold
If S m > L/T (Γ 1 ) holds, there must exists a time interval which includes a successful transmission of station 1 with
As shown in the upper part of Fig.1 (for Data 2) , the receiver returns the CTS frame to station 1 when
, and station 1 then sends Data 2. If the receiver increases Γ 1 to T −1 (L/S m ), it will decide not to return the CTS frame. Then, a virtual collision occurs. Due to memoryless of the p-persistent model, this change does not influence the channel contention process of other stations. Clearly, if the receiver increases Γ 1 to T −1 (L/S m ), the new transmission process will change to the lower part of Fig.1 
, the throughput in lower part of Fig.1 is larger than that in the upper part of Fig.1 , which is inconsistent with that the maximum throughput is S m .
Similarly, if S m < L/T (Γ N ) holds, the throughput can be increased as well by permitting the receiver to return the CTS frame to station
In a word, if the throughput reaches to the maximum, both conditions holds. The proof of the inverse proposition is similar to that above and is omitted.
Distributed Fair Rate Adaptive Medium Access Control
If the SNR distributions vary with stations, following the rule maximizing throughput the stations with the low average SNR will be starved. Therefore, some fair mechanisms should be employed to leverage the throughput of stations. As introduced in Section 1, fairness have two definitions in wireless networks: throughput fairness and time-share fairness. The former guarantees that each station earns nearly the same statistical throughput in a long time interval, but the latter one guarantees that each station earns nearly the same statistical transmission time in a long time interval. In this section, we propose two distributed fair rate adaptive medium access control from the viewpoint of throughput fairness and time-share fairness, respectively. Generally speaking, time-share fairness based scheme can derive better throughput performance in time-varying channels, since it better exploit the duration of high-quality channel condition. In this paper, the scheme for throughput fairness is called FARM, and that for time-share fairness is called FARM+ due to higher throughput performance.
Throughput fairness scheme
In IEEE 802.11 protocol, fairness is maintained by configuring the minimum contention window and the maximum contention window of all stations with the same values, which leads to the probabilities that stations transmit in a time slot are the same. Similarly, in FARM, the throughput fairness is achieved by keeping the return probability of each station as the same value and granting stations to send only one data frame in each successful transmission. This method is feasible in carrier sense multiple access (CSMA) based WLANs, where the return probability averaged among all stations in the network can be obtained by all stations on-line. The primary step of FARM is to estimate S and q. For this issue, it is considered in two scenarios. If all stations stay awake all the time, S and q can be independently measured on-line by all stations. On the other hand, if there exist some stations working in the power-saving mode, from the standard [15] an AP is strictly required to wake up the power-saving stations periodically. In such a scenario, the AP is responsible for estimating S and q and informing the power-saving stations when waking up the power-saving stations.
To better track the changes of S and q, in FARM, receivers update the estimates at intervals. In this paper, the interval is set as 100 ms. Let S(k) and q(k) denote the updated values of S and q after the kth interval, respectively. During the following interval, the receiver gets the statistics on the throughput and the return probability asS andq, respectively. Then, we update S and q after the (k + 1)th interval as follow
where α is a smoothing factor, which is widely adopted in the network protocols to obtain reliable estimates. Extensive simulations show that α = 0.9 is a good choice when the network conditions change because it potentially reduces the length of transient phases, and hereby we adopt α = 0.9 as the default value in this paper. Different from the analysis in the previous section, in practical standards [15] [16] the feasible rate are limited discrete values but not continuous values. Without loss of generality, we assume that there are M feasible rates (R 1 < R 2 < ... < R M ) and for R j there will be no transmission error when the SNR is larger than G j . In this way, R j should be employed when the SNR falls into the region [
where R * (γ i ) = R j with γ i falling into the region [G j , G j+1 ).
Let P j denote the probability that the SNR of the RTS frame γ i indicates that the maximum achievable data rate is R j , i.e., P j = P (R * (γ i ) = R j ). Similar to the estimation procedure shown in (3), {P 1 , P 2 , ...., P M } can be estimated by making statistic to the SNR of the RTS frame γ i . If the receiver returns the CTS frame when the maximum achievable data rate is no smaller than R j , the return probability is given by M k=j P k . Then, upon receiving a RTS frame from station i, the decision-making mechanism of the receiver is shown in Fig.2 .
Herein, the condition M {k:R k =R * (γ)} P k < q is used to achieve the throughput fairness. If the receiver decides to return the CTS frame, a piggyback information about the highest achievable rate R * (γ) for data transmission is loaded into the CTS frame. Station i, after receiving the CTS frame, sends the preceding data frame with R * (γ i ). Note that only one data frame is transmitted each time for throughput fairness. On the contrary, if the receiver rejects to return the CTS frame, station i will detect a virtual collision and double its contention window. Fig. 2 The operation of the receiver after receiving a RTS frame in FARM 3.2 Time-share fairness scheme Different from FARM, FARM+ grants channel access for multiple back-to-back frames in proportion to the ratio of the achievable rate over the base rate. In this way, the time-share fairness can be guaranteed, and the throughput can be further improved.
In this case, the time interval between the epoch that the receiver receives the RTS frame from station i and the epoch that station i completes its transmission is given by
Note that the value of
Rc , which indicates the number of data frames transmitted in a transmission opportunity, is usually not a integer. A feasible method to hold time-share fairness is randomly transmitting
frames with respective probabil-
, where x and x is respectively the largest integer no greater than x and the smallest integer no less than x. For example, R * (γi) Rc = 1.5 can be approached by sending 2 frames with probability 0.5 and 1 frames with probability 0.5. Correspondingly, the decision-making mechanism of the receiver is shown in Fig.3 . where
for simplicity, and Rand(0, 1) return a floor number uniformly distributed in [0, 1].
Performance Evaluation
In this section, we take IEEE 802.11a based WLANs for example to evaluate the performance of the proposed schemes as compared to the existing throughput/timeshare fairness schemes in various channel conditions Fig. 3 The operation of the receiver after receiving a RTS frame in FARM+ with NS-2 [18] simulator. Four typical rates (6, 12, 24, and 48Mbps) in IEEE 802.11a protocol are employed for data transmission, and 6Mbps is used as the base rate for the transmission of control information. For each data rate, the required minimum E b /N 0 for few transmission errors has been obtained by simulations in [17] . We convert them into SNR and list the results in Table 1 . The minimum contention window and the maximum contention window are respectively set as 32 and 1024, and other parameters about IEEE 802.11a protocol can be found in [16] . In the simulations over time-varying channels, the time-varying SNR associated with the Rayleigh fading, γ, lies in the range 0 < γ < ∞, i.e. the probability distribution function of the SNR is given by (6) whereγ is the average value of the SNR. 
Performance evaluation for FARM
For the purpose of performance comparison, we infer a simple scheme from proposition 1, named Maximum throughput Rate Adaptive Medium access control (MRAM), for maximizing the throughput. In MRAM, the receiver returns the CTS only if L/T * (γ i ) is larger than the estimated throughput regardless of the return probability.
To analyze the effectiveness of the proposed adaptive schemes, we firstly explore the adaption of FARM and MRAM to the time-variation of fading channels. Fig.4 shows the throughput in a scenario that 20 stations suffer from independent and identical Rayleigh fading channel withγ=27 dB. To clarify the effect of the update interval on the convergence, various update intervals are considered. From the figure, it is observed that both schemes can effectively bound the throughput in a stable oscillation range, and the range of the oscillation decreases with the update interval, which is mainly because a large update interval can achieve a precise estimation to S and q. In addition, we find that a small update interval can track the network condition quickly. Therefore, the selection of the update interval should balance the tracking speed and the performance in convergence. To gain a full understanding on the performance of FARM, we further simulate three scenarios. In each scenario, we consider an uplink model with 20 backlogged stations transmitting to a common receiver. The purpose of scenario 1 is to compare the overall throughput among different schemes. In this scenario, all channels are statistically independent and identical Rayleigh fading. For the purpose of comparison, RBAR [2] , which is a typical throughput fairness scheme, is also simulated. The throughput versus the average SNR for each scheme is plotted in Fig.5 . From the figure, it is observed that the performance of FARM is very close to that of MRAM and beyond that of RBAR. When γ = 20 dB, FARM can improve the overall throughput by 24% as compared with RBAR, and whenγ = 40 dB, the improvement degrades to 17%. As the average SNR increases, the return probability increases so that the difference between FARM and RBAR diminishes little by little. In particular, if the channel is ideal, which means stations always transmit with the highest rate, the return probability is equal to 1 and FARM degrades to RBAR. As the analysis above, FARM enables the stations with bad channel conditions give up transmitting and leave the opportunity of transmissions to other stations with good channel condition. Therefore, compared with RBAR, FARM can obtain a significant performance gain in throughput. To validate the fairness of FARM, in scenario 2 an asymmetric scenario is considered. All channels are still statistically independent Rayleigh fading, but 20 stations are averagely divided into 4 classes and the average SNR varies with classes. As shown in Fig.6 , FARM and MRAM outperform RBAR in terms of the overall throughput. MRAM leads to the maximal throughput, but the stations with low average SNR gain less throughput than that with high average SNR. However, FARM maintains fairness efficiently with little overall throughput degradation for price.
For completeness, a time-invariant channel is considered in scenario 3. Herein, 20 stations are still averagely divided into 4 classes, but the SNRs for all stations is time-invariant. The SNR for each class is listed in the caption of Fig.7 , which implies that each station is restricted to use a single rate throughout the simulation. The results are plotted in Fig.7 . From the figure, it is observed that MRAM still earns the maximal throughput, but it drastically starves the stations restricted to transmit with the lowest rate. FARM still maintains fairness among different classes, but the overall throughput degrades to the same level as that of RBAR. From Fig.2 , it is not difficult to get that FARM is the same to RBAR in time-invariant channel.
Performance evaluation for FARM+
Similar to the performance evaluation for FARM, the overall throughput versus the average SNR in Rayleigh fading channel is first simulated. For the purpose of comparison, we also simulate OAR [10] which is a typical time-share fairness scheme. A scenario with 20 stations is considered. Herein, all channels are statistically independent and identical Rayleigh fading. The results are shown in Fig.8 . From the figure, it is observed that FARM+ significantly outperforms OAR. In particular, whenγ = 23 dB, FARM+ can improve the overall throughput by 34% as compared with OAR, and whenγ = 40 dB, the improvement is just 16%. Similar to the analysis above, the return probability increases with the average SNR so that the difference between FARM+ and OAR decreases. Apparently, if the channel is ideal, FARM+ will degrades to OAR. Similar to the explanation in Section 4.1, the reason that FARM+ outperforms OAR is that FARM+ enables the stations with bad channel conditions give up transmitting and leave the opportunity of transmissions to other stations with good channel condition. In addition, compared with FARM, FARM+ can positively exploit the time-varying channel by transmitting multiple frames in peek channel condition. As shown in the figure, FARM+ outperforms FARM significantly, and the gain increases with the average SNR. This is mainly because a high average SNR enables stations working in FARM+ transmit more frames than those working in FARM. Furthermore, an asymmetric scenario is simulated to evaluate the time-share fairness of FARM+. Herein, all channels are still statistically independent Rayleigh fading, but 20 stations are averagely divided into 4 classes and the average SNR varies with classes. The results are plotted in Fig.9 . The ratio (y-axis) is defined as the ratio of the transmission time/throughput of a station to the total transmission time/throughput. From the figure, it is observed that FARM+ can maintain time-share fairness among all stations, but the throughput increases with the average SNR.
Conclusions
In this paper, we started from analyzing the rule maximizing the throughput of multi-rate WLANs by means of a p-persistent IEEE 802.11 protocol, and then proposed two distributed fair auto rate medium access control schemes called FARM and FARM+ from the viewpoints of throughput fairness and time-share fairness, respectively. Extensive simulations show that both schemes outperform the existing rate adaptive schemes and can improves the throughput while maintaining fairness among asymmetric stations in timevarying channels.
